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1 Introduction {#sec001}
==============

Graphene-based materials exhibit remarkable chemical and physical properties such as great flexibility, high chemical stability, and superior electric and thermal conductivity \[[@pone.0234148.ref001]--[@pone.0234148.ref003]\] with promising potential in many applications \[[@pone.0234148.ref004]\]. Reduced graphene oxide (rGO) is a graphene-based material that has been widely used and explored in various fields. This material can be fabricated through various routes such as chemical \[[@pone.0234148.ref004]\], thermal \[[@pone.0234148.ref005]\] or electrochemical \[[@pone.0234148.ref006]\]. Over the past decade, numerous papers have reported on the extensive use of reduced graphene oxide (rGO) in the field of electrochemistry due to its remarkable conductivity, large surface area, and excellent electrochemical performance \[[@pone.0234148.ref007], [@pone.0234148.ref008]\].

The incorporation of reduced graphene oxide (rGO) with macrocyclic compounds such as calixarene has been found to affect the performance of electrochemical biosensors due to the synergetic effects between rGO and macrocyclic compounds. It has been reported that calix \[[@pone.0234148.ref004]\] arene can endow RGO with remarkable selectivity and sensitivity towards various analytes \[[@pone.0234148.ref007], [@pone.0234148.ref009]\]. Recently, Zhang et al. reported using electrochemical sensors coupled with RGO-calix \[[@pone.0234148.ref004]--[@pone.0234148.ref008]\] arene on a glassy carbon electrode to determine tryptophan, ascorbic acid, and dopamine content^7^. The optimum conditions of the modified electrode enhanced the sensitivity of the sensor \[[@pone.0234148.ref010]\].

Traditionally, analytical chemistry optimization can enhance an experimental response via the monitoring of one factor's influence at a time. This optimization technique is termed one-variable-at-a-time, as the other variables are kept constant while only one parameter is changed \[[@pone.0234148.ref011]\]. Jian et al. successfully optimized the accumulation potential and accumulation time of ERGO on the surface of SPCE by testing a standard solution containing 50 ppb Pb^2+^. The study reported an optimal accumulation potential and time of −12 V and 420 s, respectively. However, a major disadvantage of this optimization technique is that the interactive effects between the variables studied are not included. As a consequence, this technique does not depict the complete effects of the parameter on the response. Furthermore, the method cannot describe the interaction between parameters, which could help optimize experimental parameters and provide statistical models \[[@pone.0234148.ref012]\]. Besides, this technique requires more experiments to conduct research, in turn, leading to increased time and expenses, as well as increased consumption of reagents and materials. Hence, a multivariate statistical approach such as Response Surface Methodology (RSM) is normally used to better understand the optimization process. Response Surface Methodology (RSM) is one of the most relevant multivariate techniques used in analytical optimization. Response Surface Methodology (RSM) is a collection of statistical and mathematical methods used to optimize the response, under the influence of several independent variables \[[@pone.0234148.ref010], [@pone.0234148.ref012], [@pone.0234148.ref013]\]. Not many studies have reported on the statistical optimization of electrochemical sensors. Mirmoghtadaie et al. applied statistical factional and factorial design methods to optimize effective parameters to fabricate modified electrodes and immobilize DNA probes \[[@pone.0234148.ref010]\]. A recent report published the reliability of RSM as an optimization tool to enhance the current signal of clenbuterol based on a poly(3,4-ethylenedioxythiophene) (PEDOT)/multi-walled carbon immunosensor \[[@pone.0234148.ref014]\]. The optimization of amperometric biosensor performance for detection of Al^3+^ and Bi^3+^ using RSM was explored recently which has demonstrated high sensitivity and better reproducibility, stability and reversibility of developed sensor \[[@pone.0234148.ref015]\].

The present paper discusses the use of RSM to optimize the fabrication of a modified screen-printed electrode made from calix \[[@pone.0234148.ref004]\] arene/reduced graphene oxide (ERGOC4-SPCE) to attain the best system performance. The modified electrode was characterized via cyclic voltammetry (CV) and the formation of rGO and calix \[[@pone.0234148.ref004]\] arene was confirmed using FT-IR and Raman spectroscopy.

2 Methodology {#sec002}
=============

2.1 Materials and reagents {#sec003}
--------------------------

All chemicals were analytical grade and were used without further purification. Graphene oxide (GO) was purchased from GO Advanced Solution Sdn. Bhd. Meanwhile, 4-tert-butylcalixa \[[@pone.0234148.ref004]\] rene (C4) was purchased from Aldrich. Potassium ferricyanide (K~3~\[Fe(CN)~6~\]) and potassium chloride (KCl) were obtained from Bendosen and R&M Marketing (UK), respectively. Deionized water (18.2 MΩ.cm at 25°C, Milli-Q) was used throughout the experiments. Screen-printed electrodes (SPEs) were purchased from DS Dropsens, Spain.

2.2 Preparation of GO-SPCE {#sec004}
--------------------------

A GO suspension was previously prepared according to the literature \[[@pone.0234148.ref016]\] with slight modifications. The graphene oxide solution was first dispersed in a 0.067 M phosphate buffer solution and sonicated for 2 h to achieve a homogeneous suspension. Then, 5 μL of the graphene oxide suspension was dropped onto the surface of the screen-printed carbon electrode (SPCE) and left for 1 h before further use.

2.3 Preparation of ERGOC4-SPCE {#sec005}
------------------------------

In this step, 0.2 g/L of 4-tert-butylcalixa \[[@pone.0234148.ref004]\] rene (C4) was prepared in chloroform. Next, 5 μL of C4 stock solution was dropped onto GO-SPCE and left to dry after which the electrochemical reduction of GO/Calix 4-SPCE was carried out by scanning from -1.4 V to 0 V with a scan rate of 50 mV/s with a varied number of cycles using cyclic voltammetry (ERGO/C4-SPCE). Then, the ERGO/C4-SPCE was carefully washed with distilled water and left to dry in air.

2.4 Experimental design and optimization via Response Surface Methodology {#sec006}
-------------------------------------------------------------------------

Response Surface Methodology based on Central Composite Design was used to evaluate the combined effects of the calix \[[@pone.0234148.ref004]\] arene deposition time (A), the concentration of GO (B), and the number of cycles of reduced GO (C) on the peak current (the response). The experimental conditions of these factors, which were derived from CCM, are summarized in [Table 1](#pone.0234148.t001){ref-type="table"}. The research variables selected are those that have significant influence to the fabrication of ERGOC4-SPCE and the value range was selected based on preliminary studies (data not shown).

10.1371/journal.pone.0234148.t001

###### Experimental range and independent variable level.

![](pone.0234148.t001){#pone.0234148.t001g}

                          Actual   Coded level                              
  ----------------------- -------- ------------- ----- ----- ----- ---- --- ---
  Deposition time         A        min           40    95    150   -1   0   1
  Concentration of GO     B        mg/mL         1.0   1.5   2.0   -1   0   1
  Number of scan cycles   C        \-            10    15    20    -1   0   1

The response interaction was the studied variables, namely deposition time (A), the concentration of GO (B), and the number of cycles (C), while the response variable was peak current. Central Composite Design allows each independent variable to range from a low level (−1), a central level (0), and a superior level (+1). The RSM/CCD using statistical package software (Design Expert 11.0, Stat Ease Inc., MN, USA) suggested three factors and a total of 20 experimental runs including 8 factorial points, 6 axial points, and 6 central points, obtained using Eq ([1](#pone.0234148.e001){ref-type="disp-formula"}): $$N = 2^{n} + 2n + n_{c} = 2^{3} + 2\left( 3 \right) + 6 = 20$$ Where N is the total number of experiments, n is the number of factors, and n~c~ is the number of replicates in the central point. Response surface modeling, statistical analysis, and optimization were results of the simulations the software. Analysis of Variance (ANOVA) was used to analyze the output data. The experimental data were then fitted to a second-order polynomial regression model, expressed by Eq ([2](#pone.0234148.e002){ref-type="disp-formula"}): $$Y = \beta_{0} + {\sum_{i = 1}^{k}{\beta_{i}x_{i}}} + {\sum_{i = 1}^{k}{\beta_{ii}{x_{i}}^{2}}} + {\sum_{i = 1}^{k - 1}{\sum_{j > i}^{k}{\beta_{ij}x_{i}}}}x_{j}$$ Where *Y* is the response variable, *x*~*i*~ and *x*~*j*~ are the real or coded variables, and *β*~*0*~, *β*~*i*~, *β*~*ii*~, and *β*~*ij*~ are the regression coefficients where *β*~*0*~ is a constant term, *β*~*i*~ is a linear effect term, *β*~*ii*~ is a quadratic effect term, and *β*~*ij*~ is the interaction effect term. [Table 2](#pone.0234148.t002){ref-type="table"} shows the design-of-experiment together with the experimental results.

10.1371/journal.pone.0234148.t002

###### Central composite design (CCD) for the electrochemical reduction of ERGOC4 using RSM and the experimental peak current response data.

![](pone.0234148.t002){#pone.0234148.t002g}

  Run   Actual independent variable   Peak current response                     
  ----- ----------------------------- ----------------------- --------- ------- -------
  1     40                            2                       10        31.15   30.51
  2     150                           1                       10        41.10   40.68
  3     95                            1.5                     15        71.28   70.79
  4     150                           2                       10        61.09   60.86
  5     150                           1                       20        46.27   46.91
  6     95                            1.5                     23.409    52.41   51.62
  9     95                            2.3409                  15        53.57   53.83
  10    95                            1.5                     6.59104   39.59   40.38
  11    95                            1.5                     15        70.06   70.79
  12    40                            1                       10        42.47   42.45
  13    150                           2                       20        66.85   66.87
  14    95                            1.5                     15        70.24   70.79
  15    95                            1.5                     15        71.62   70.79
  16    95                            1.5                     15        70.67   70.79
  17    40                            1                       20        49.57   49.81
  18    95                            0.659104                15        47.34   47.08
  19    40                            2                       20        37.23   37.65
  20    95                            1.5                     15        70.89   70.79

2.5 Characterizations {#sec007}
---------------------

The modified electrodes were characterized using an AUTOLAB Type III Model instrument (Eco Chemie B. V., Netherlands). The Ag/AgCl (3.0 M KCl) reference and the platinum electrode (counter) were required to run the three-electrode system analysis of the modified working electrode. Cyclic voltammograms were analyzed using NOVA 1.11 software. The optimized ERGOC4-SPCE was characterized via cyclic voltammetry (CV) in 5 mM K~3~\[Fe(CN)~6~\]/0.1 M KCl solution in the potential range of −0.4 to 0.8 V at a scan rate of 50 mV s^-1^. All the electrochemical measurements were taken using an AUTOLAB potentiostat. The peak current value was determined from the cyclic voltammogram. The ERGOC4 obtained was confirmed using FT-IR spectral analysis (Perkin Elmer Spectrum 100) between 400 cm^-1^ and 4000 cm^-1^. Several samples were prepared including ERGO, ERGOC4, and GO/C4. The Raman spectroscopic analysis of the GO and GO composites was carried out using a LabRam HR Raman spectrometer (514.5 nm, Ar + laser). Then, the GO composites were put into a vacuum desiccator to pre-dry for 24 h at 60°C and then degassed for 4 h at 100°C under vacuum.

3 Results and discussion {#sec008}
========================

3.1 Model fitting and statistical analysis of the result {#sec009}
--------------------------------------------------------

Response surface modeling was conducted to establish the optimum condition for the independent variables to maximize the peak current. [Table 1](#pone.0234148.t001){ref-type="table"} was used to evaluate the main interaction between the three actual independent variables into three levels (low, middle, and high) with coded values of (-1, 0, +1) and starting points of ± 1.682 for ± α in the CCD pattern. The 20 experiments and their corresponding responses are presented in [Table 2](#pone.0234148.t002){ref-type="table"}.

Design Expert software was used to perform analysis of variance (ANOVA) for the peak current response and a fitted equation model was constructed. The ANOVA for the model shown in [Table 3](#pone.0234148.t003){ref-type="table"} indicates that the F-value and lack-of-fit F-value of the model were 661.20 and 0.18, implying the significant model and insignificant lack of fit relative to pure error, respectively. This large value of lack-of-fit F is due to noise in the experiment \[[@pone.0234148.ref013]\]. The F-value model indicates a significant model term because the p-value (\< 0.0001) was less than 0.05, Significant regression and a non-significant lack of fit implies that this model is well-fitted to the experiment. The similar model was further used to monitor the interaction of each variable.

10.1371/journal.pone.0234148.t003

###### The ANOVA of the peak current of the response surface reduced cubic model.

![](pone.0234148.t003){#pone.0234148.t003g}

  Source        Sum of Squares   Degree of Freedom   Mean Squared   F-value   p-value     
  ------------- ---------------- ------------------- -------------- --------- ----------- -----------------
  Model         3316.14          9                   368.46         661.20    \< 0.0001   Significant
  Residual      4.46             8                   0.5573                               
  Lack of Fit   2.65             3                   0.8831         2.44      0.1797      Not significant
  Pure Error    1.81             5                   0.3617                               
  Cor. Total    3320.60          17                                                       

The coefficient of determination (R^2^) can be a handy tool to ensure the adequacy of a model ([Table 4](#pone.0234148.t004){ref-type="table"}). The model presented a high coefficient of determination (R^2^-value = 0.9987) per the ANOVA of the quadratic regression model, implying that 99% of the variation in the peak current responses can be explained by the independent variables and only about 1% of the variation cannot be explained by the model. The predicted R^2^ (0.9870) was also in reasonable agreement with the adjusted R^2^ (0.9971). The relationship between the experimental and predicted values of the peak current response was established to have a high R^2^-value, which shows that the experimental values match well with the predicted values \[[@pone.0234148.ref013]\]. Besides, adequate precision measures showed that the signal-to-noise ratio of greater than 4 is desirable. The result of the adequate precision ratio of the peak current response was 72.3959, indicating that the signal was adequate. At the same time, the coefficient of variation (CV) was very low value (1.35), indicating that the experimental values had very high precision and good reliability.

10.1371/journal.pone.0234148.t004

###### The statistical parameters indicating the correlation strength between variables in the model equation obtained from ANOVA.

![](pone.0234148.t004){#pone.0234148.t004g}

  Type of variable                  
  --------------------------------- ---------
  Standard deviation                0.7465
  Mean                              55.19
  Coefficient of variation (CV) %   1.35
  R^2^                              0.9987
  Adjusted R^2^                     0.9971
  Predicted R^2^                    0.9870
  Adequate Precision                72.3959

The second-order polynomial final equation was presented in terms of coded factors to demonstrate the empirical relationship between the actual independent variables and the response. The second-order polynomial equation is presented by Eq ([3](#pone.0234148.e003){ref-type="disp-formula"}) below: $$Y = 70.79 + 6.86A + 2.01B + 3.34C + 8.03AB - 0.2815A - 0.0547BC - 7.87A^{2} - 7.19B^{2} - 8.76C^{2}$$ Where Y is the peak current response and A, B, and C are the coded values of the independent variables, which represent the deposition time (min), the concentration of GO (mg/mL), and the number of scan cycles, respectively. The model terms---A, B, C, AB, A^2^, B^2^, and C^2^---were identified as significant model terms with p-values less than 0.0500 ([Table 5](#pone.0234148.t005){ref-type="table"}). The BC and AC model terms were identified as insignificant since the p-value of these terms was greater than 0.005, implying that there is no mutual interaction between deposition time and the number of scan cycles, and between the concentration of GO and number of scan cycles.

10.1371/journal.pone.0234148.t005

###### Coefficients of regression of the model and the significance of the coefficients.

![](pone.0234148.t005){#pone.0234148.t005g}

  Model term   Coefficient estimate   Degree of freedom   p-value     F-value   Standard error   95% confidence interval   
  ------------ ---------------------- ------------------- ----------- --------- ---------------- ------------------------- --------
  Intercept    70.79                  1                   \-          661.20    0.3048           70.09                     71.49
  A            6.86                   1                   \< 0.0001   676.03    0.2639           6.25                      7.47
  B            2.01                   1                   \< 0.0001   98.630    0.2020           1.54                      2.47
  C            3.34                   1                   \< 0.0001   273.95    0.2020           2.88                      3.81
  AB           8.03                   1                   \< 0.0001   925.62    0.2639           7.42                      8.64
  AC           -0.2815                1                   0.3173      1.14      0.2639           -0.8901                   0.3271
  BC           -0.0547                1                   0.8408      0.0430    0.2639           -0.6634                   0.5539
  A^2^         -7.87                  1                   \< 0.0001   420.50    0.3838           -8.75                     -6.98
  B^2^         -7.19                  1                   \< 0.0001   1113.57   0.2155           -7.69                     -6.69
  C^2^         -8.76                  1                   \< 0.0001   1654.28   0.2155           -9.26                     -8.27

The BC and AC terms were kept in the model equation although these were insignificant terms, to support the hierarchy. This is because insignificant terms still contribute to the model, as this model design could accurately predict up to 2% RSE according to the model validation. However, insignificant terms can be kept or removed from the model equation depending on their suitability and, commonly, insignificant terms are not removed.

3.2 Diagnostics {#sec010}
---------------

The experimental results of the peak current response obtained versus predicted values were plotted in [Fig 1A](#pone.0234148.g001){ref-type="fig"}. The figure shows a linear distribution plot, indicating good correlation between the values and well-fitted model. Based on the adequate correlation, the predictive model can accurately represent the experimental data., The normal probability plot of the studentized residual versus run number was also studied to identify any constant errors that might have occurred ([Fig 1B](#pone.0234148.g001){ref-type="fig"}). The figure shows a data was scattered randomly without any trends, which implies no constant error was detected. The plot of standardized residuals versus the predicted response can be used to determine the adequacy of the model. [Fig 1C](#pone.0234148.g001){ref-type="fig"} shows the residual response versus the predicted response plot and that the data that was uniformly circulated the mean point of the surface response, implying that this model is an adequate model without any constant error.

![(a) Plot of predicted data versus actual experimental data of the peak current response (b) Plot of studentized residual response versus run number (c) Plot of studentized residual response versus predicted response.](pone.0234148.g001){#pone.0234148.g001}

3.3 Effect of each factor {#sec011}
-------------------------

[Fig 2](#pone.0234148.g002){ref-type="fig"} shows the plots of the effect of each factor (concentration of GO, deposition time, and the number of cycles) on the surface response. Model term A, which represents the deposition time, was significant, per the p-value for model term A that was less than 0.0500. The one-factor plot ([Fig 2A](#pone.0234148.g002){ref-type="fig"}) is in agreement with the statement above, where the peak current response increases as the deposition time increases from 40 min to 128 min. However, the peak current decreased with a further increase to 150 min. Meanwhile, an increase in the peak current response was observed with an increased concentration in GO from 1 mg/mL to 1.5 mg/mL ([Fig 2B](#pone.0234148.g002){ref-type="fig"}). In comparison to the upper concentration of GO, the peak current was decreased when the concentration of GO further increased to 2 mg/mL. Based on these graphs, the concentration of GO between 1 mg/mL and 2 mg/mL was significant and agrees with the significant p-value calculated using ANOVA. The effect of the plot of the number of reduction cycles ([Fig 2C](#pone.0234148.g002){ref-type="fig"}) shows that the peak current response slightly decreased as the number of scan cycles increased from 15 to 20. In comparison to the lower number of scan cycles, more changes in the peak current were observed between 10 and 15 cycles. Therefore, the number of scan cycles is significant when interpreted individually, per its p-value.

![A one-factor plot of the current response as a function of (a) deposition time (concentration of GO = 1.5 mg/mL; number of scan cycles = 15), (b) concentration of GO (deposition time = 95 min; number of scan cycles = 15), and (c) number of scan cycles (concentration of GO = 1.5 mg/mL; deposition time = 95 min).](pone.0234148.g002){#pone.0234148.g002}

3.4 Effect of interaction between factors {#sec012}
-----------------------------------------

To obtain a better understanding of the interaction between variables within the range considered, three-dimensional (3D) response surfaces are presented as graphical representations of the regression equation applied \[[@pone.0234148.ref017]\]. Each contour curve in [Fig 3](#pone.0234148.g003){ref-type="fig"} represents an infinite number of combinations of two significant variables while the other variable is maintained at a respective 0 level. The surface, confined in the smallest ellipse in the contour diagram, indicates the maximum predicted value of the response. [Fig 3A](#pone.0234148.g003){ref-type="fig"} reveals the effect of the GO concentration and the deposition time on the peak current response. The peak current response increased when deposition time and GO concentration increased. [Fig 3B](#pone.0234148.g003){ref-type="fig"} demonstrates that increased deposition time led to increased peak current up to one point, after which the peak current decreased due to the over-oxidation of GO. [Fig 3C](#pone.0234148.g003){ref-type="fig"} shows the effect of GO concentration and the number of cycles on the peak current response. It shows that the highest peak current response occurred when the GO concentration and the number of scan cycles ranged between 1.4 mg/mL and 1.8 mg/mL and 14 and 18 scans, respectively.

![3D surface and 2D contour plots of the peak current as a function of (a) deposition time and concentration of GO, (b) deposition time and the number of scan cycles, and (c) concentration of GO and number of scan cycles.](pone.0234148.g003){#pone.0234148.g003}

3.5 Model validation and peak current optimization {#sec013}
--------------------------------------------------

A validation test was performed to measure the model validity. In this step, three set experiments were generated from Design-Expert software, that is, to compare the predicted values to the experimental values ([Table 6](#pone.0234148.t006){ref-type="table"}). The maximum peak current response was set as the main goal, while the others were kept in the studied range. The experiments and the response from the optimum combination of the parameters are listed in [Table 7](#pone.0234148.t007){ref-type="table"}. The results show a low residual standard error (RSE) of less than 2%, indicating that the model is valid and can predict the peak current accurately up to 99%.

10.1371/journal.pone.0234148.t006

###### Constraints applied for optimization.

![](pone.0234148.t006){#pone.0234148.t006g}

  Name                          Goal               Limit    
  ----------------------------- ------------------ -------- --------
  Deposition time (min)         Must be in range   40       150
  Concentration of GO (mg/mL)   Must be in range   1        2
  No. of scan cycles            Must in range      10       20
  Peak current (μA)             To maximize        31.149   71.624

10.1371/journal.pone.0234148.t007

###### Predicted and observed response values at optimum combinations.

![](pone.0234148.t007){#pone.0234148.t007g}

  No.   Deposition time (min)   Concentration of GO (mg/mL)   No. of scan cycles   Peak current (μA)   RSE%     
  ----- ----------------------- ----------------------------- -------------------- ------------------- -------- ----------
  1     95                      1.618                         15                   70.8646             71.620   0.805542
  2     100                     1.618                         17                   71.5153             70.890   0.804428
  3     98                      1.618                         16                   71.6313             70.675   0.805131

3.6 Characterizations of ERGOC4-SPCE {#sec014}
------------------------------------

### 3.6.1 Cyclic voltammetry {#sec015}

GOC4 was electrochemically reduced via cyclic voltammetry to prepare ERGOC4 on the modified surface of SPCE. [Fig 4A](#pone.0234148.g004){ref-type="fig"} shows the cyclic voltammogram of the GOC4-SPCE where a cathodic peak at about -0.5 V appeared in the CV curve, attributed to the irreversible chemical reduction of several oxygen-containing functional groups on the exfoliated GO sheets.

![Cyclic voltammograms of (a) electrochemical reduction of GOC4-SPCE in a phosphate buffer solution. (b) GO-SPCE, ERGO-SPCE, GOC4-SPCE, and ERGOC4-SPCE in 0.1 M K~3~\[Fe(CN)~6~\]/ 0.1 M KCl. Scan rate = 50 mV.](pone.0234148.g004){#pone.0234148.g004}

The electrochemical properties of the SPCE before and after the modification were evaluated using a Fe(CN)~6~^3-/4-^ redox probe to verify the interface changes on the surface of SPCE. [Fig 4B](#pone.0234148.g004){ref-type="fig"} shows the cyclic voltammograms of the different modified electrodes; GO-SPCE, ERGO-SPCE, and ERGOC4-SPCE. The anodic peak current of ERGO-SPCE (1.07 x 10^−4^ A) increased relative to that of the GO-SPCE (2.62 x 10^−5^ A) due to the large specific surface area of the SPCE after the reduction of GO. The peak-peak potential separation of ERGO-SPCE was 303 mV while GO-SPCE had a 310 mV peak-peak potential separation, indicating a faster electron transfer at the ERGO-SPCE surface. Therefore, it can be concluded that the electrochemical reduction of GO promoted more active sites on the electrode surface, increased the electron transfer, and hence improved the electrochemical properties of the SPCE.

However, the redox peak current of ERGOC4-SPCE (7.07 x 10^−5^ A) decreased when calixarene was introduced on the surface of the modified SPCE, indicating that the calixarene, which has a hydrophobic cavity, could not recognize the ions, so the calixarene molecules on the surface of ERGO acted as a layer that blocked the electron transfer between the electrode and Fe(CN)~6~^3-/4-^. This case proves that the calixarenes were successfully immobilized on the SPCE surface. The interaction between some oxygen-containing groups of ERGO and some hydroxyl groups of calixarene was mainly attributed to π-π interactions and hydrogen interactions ([Fig 5](#pone.0234148.g005){ref-type="fig"}). Moreover, the hydrophobic cavity of the benzene ring in calixarene could be adsorbed to the ERGO surface via π-π interactions.

![The interaction between ERGO and C4.](pone.0234148.g005){#pone.0234148.g005}

### 3.6.2 Fourier Transform-Infrared Spectroscopy (FTIR) {#sec016}

FTIR was conducted to study the functional groups of each modified electrode (GO-SPCE, GOC4-SPCE, and ERGOC4-SPCE), as shown in [Fig 6](#pone.0234148.g006){ref-type="fig"}. The spectrum of GO-SPCE depicts peaks at 3213 cm^-1^, 2956 cm^-1^, and 1062 cm^-1^, which are attributed to the carbonyl O-H stretching, the O-H stretching of carboxylic acid, and the C-O stretching vibrations of C-O-C, respectively. Meanwhile, the attachment of C4 onto GO-SPCE shows that the O-H stretching vibration peak shifted from 3213 cm^-1^ to 3186 cm^-1^. Also, a new peak appeared at 2914 cm^-1^ attributed to the CH~2~ vibration in the GOC4 spectra. The shift in the O-H peak might be a result of the typical redshift of noncovalent interaction between GO and C4 through the formation of the hydrogen bond. The IR of the ERGOC4-SPCE preserved all the characteristic bands of GOC4-SPCE except for the O-H stretching peak at 3186 cm^-1^. The peak probably disappeared due to the full attachment of C4 to ERGO-SPCE via hydrogen bonding.

![The IR spectra of GO-SPCE, GOC4-SPCE, and ERGOC4-SPCE.](pone.0234148.g006){#pone.0234148.g006}

### 3.6.3 Raman spectroscopy {#sec017}

Raman spectroscopy was used to characterize the ordered and disordered crystal structure of the carbon materials. In this study, Raman spectra were obtained for GO, GOC4, and ERGOC4 on the surface of SPCE to better understand the change mechanism of the crystal structure, as shown in [Fig 7](#pone.0234148.g007){ref-type="fig"}. Two significant bands were observed in the Raman spectrum; D band peaks at 1348.85 cm^-1^ (GOC4 sheet) and 1347.86 cm^-1^ (ERGOC4 sheet), attributed to disorders or defects in the carbon atoms, and G bands at 1588.36 cm^-1^ (GOC4 sheet) and 1596.33 cm^-1^ (ERGOC4 sheet) representing the sp^2^ in-plane vibration of the carbon atoms.

![The Raman spectra of GO, GOC4, and ERGOC4 on the surface of SPCE.](pone.0234148.g007){#pone.0234148.g007}

Meanwhile, the intensity ratio of I~D~/I~G~ was determined to define the degree of the disorder and the crystallite size of the graphite material \[[@pone.0234148.ref018]\]. [Table 8](#pone.0234148.t008){ref-type="table"} shows the intensity ratio (I~D~/I~G~) of the D band to the G band increased from 0.95 to 1.50 after the electrochemical reduction of GO. Hence, indicating that the reduction had caused a decrease in the size of the in-plane sp^2^ domains and an expansion of the disorder in ERGO. The results also showed shorter and broader D and G bands in ERGOC4-SPCE compared to GO/C4-SPCE, which corresponds to higher electrical conductivity.

10.1371/journal.pone.0234148.t008

###### The Raman shift and intensity of GO-SPCE, GOC4-SPCE, and ERGOC4-SPCE.

![](pone.0234148.t008){#pone.0234148.t008g}

  Materials on the SPCE working electrode   D band    G band   I~D~/I~G~           
  ----------------------------------------- --------- -------- ----------- ------- ------
  GO-SPCE                                   1351.83   0.795    1592.33     0.813   0.98
  GOC4-SPCE                                 1348.85   0.707    1588.36     0.747   0.95
  ERGOC4-SPCE                               1347.86   0.983    1596.33     0.655   1.50

4 Conclusion {#sec018}
============

In this study, the optimization of peak current response of a reduced graphene oxide (ERGO)/calix \[[@pone.0234148.ref004]\] arene (C4) composite was successfully performed using response surface methodology (RSM) based on Central Composite Design. The statistical analysis revealed that the concentration of GO, the deposition time, and the number of scan cycles had a significant effect on the peak current response. The R^2^ value of 0.9987 demonstrated a good fit model with the experimental results. Based on the response surface optimization, the optimum condition to obtain the maximum peak current response for the ERGOC4 composite was a GO electrochemical reduction of 1.618 mg/mL, 17 scan cycles, and 100 min deposition time of C4 onto the GO electrode surface. The optimized conditions predicted by the software were compared with the experimental results, and returned a less than 2% error, indicating that the proposed model is reliable and accurately predicted the peak current response. The optimized sensor was characterized using CV and Raman spectroscopy with the results indicating that the GO had been reduced and the calixarene molecules had successfully been introduced onto the surface of GO.
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